Abstract. Functionally graded aluminium matrix composites reinforced with SiC particles are attractive materials for a broad range of engineering applications whenever a superior combination of surface and bulk mechanical properties is required. In general, these materials are developed for the production of high wear resistant components. Also, often this kind of mechanical part operates in the presence of aggressive environments, such as marine atmospheres. In this work, aluminium composites with functionally graded properties, obtained by centrifugal cast, are characterised by reciprocating pin-on-plate sliding wear tests against nodular cast iron. Three different volume fractions of SiC reinforcing particles in each functionally graded material were considered. Sliding experiments were performed with and without the presence of a lubricant (3% NaCl aqueous solution). In the case of the lubricated tests, electrochemical parameters (corrosion potential) were monitored during sliding.
Introduction
The research on functionally graded materials (FGMs) is motivated by the need for properties that are unavailable in any single material and the need for graded properties to offset adverse effects of discontinuities for layered materials [1] . The application of this concept to metal matrix composites leads to the development of materials or components designed with the purpose of being selectively reinforced only at regions requiring increased modulus, strength and/or wear resistance [2] . This kind of composites are a relatively new class of engineered materials that are characterised by a continuous or gradual variation in composition and in the microstructure across the material thickness; these variations cause a change in the properties of the material. Thus, in FGMs, the constituents vary in some direction enabling these materials to provide unique performance. Usually, these composites are provided with ceramic particles on the side where high wear/high temperature resistance is required and tough metals in the side where good mechanical properties and high thermal conductivity are needed. Among the group of hard ceramic particles considered for inclusion in aluminium matrix composites, SiC particles have been found to have an excellent compatibility with the aluminium matrix and can be obtained at low cost. Other attractive properties of these composites include their excellent wear resistance and their easy processing [3] .
Considerable progress has been made in recent years in the development of the processing techniques of FGMs. These techniques may be grouped into: liquid phase techniques, solid phase techniques and vapour phase techniques. Centrifugal casting can be considered as one of the most cost and technical effective methods to produce functionally graded materials when Al-based alloys are mixed with SiC particles. The main fields of application of these composites are aircraft, automotive, sports, military and aerospace industry [4] . These kind of applications requires high wear resistance that FGM can give. Therefore, the characterisation of prevailing wear mechanisms that can occur in contact situations involving functionally graded aluminium matrix composites has recently drawn more attention because provide a criterion for material selection, engineering design, failure analysis and wear life estimation [5] .
Materials used for tribological applications should be able to support a load without undue distortion, deformation or fracture, and should have low wear almost always combined with low friction coefficient under sliding contact. The friction and wear behaviour of the composites is known to be dependent on the microstructural characteristics of the matrix and also on the type, shape, size and volume fraction of the reinforcing particles. Traditionally, non-corrosive liquid lubricants externally added to the system play an important role, reducing the friction coefficient and the wear damage of the mating surfaces. However if the lubricant is corrosive (like aqueous solutions of NaCl), important changes take place in the tribosystem as new surface degradation mechanisms occur.
A high number of studies are reported in literature regarding the tribological behaviour of homogeneous metal matrix composites, but the information about the tribological response of these materials when prepared as FGMs is scarce and their tribological performance in the presence of corrosive environments is still missing. In this work, the wear mechanisms in functionally graded aluminium matrix composites are investigated by reciprocating pin-on-plate sliding wear tests. The experiments were performed without lubrication and in the presence of an aqueous solution of 3% NaCl to simulate a corrosive environment. A comparative analysis is established between unlubricated and lubricated tests in order to understand the tribocorrosion behaviour of aluminium matrix composites.
Experimental
The fabrication process of the functionally graded aluminium matrix composites was carried out in a high frequency induction centrifugal casting furnace as described by Gomes el al. [1, 2, 4] . Cylindrical samples were produced with the SiC content varying along their geometric axis, from which discs were machined. Three cross-sections of the cylindrical samples, identified in Table 1 as A, B and C, placed respectively at the outer edge (considering the positive direction of the centrifugal force), 5 mm and 20 mm from the outer edge, were considered as plates for the tribological tests. Table 1 presents details of the chemical composition, particle fraction area and hardness of the composite plates and of the cast iron pins.
Unlubricated and lubricated reciprocating sliding wear tests were performed in an adapted pin-on-disc tribometer (Plint, TE67). The experiments were conducted at room temperature under a normal applied load of 10 N, constant frequency (1 Hz), stroke (6 mm) and total sliding distance (120 m). A bending type force transducer was used to assess the friction coefficient and the wear rate was measured by the weight loss method.
Prior to testing, the surfaces of both cast iron pins and composite plates were polished, ultrasonically cleaned, dried and finally weighted. For unlubricated tests, structural studies by scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) analysis were used to characterise the plate and pin worn surfaces as well as the loose wear debris. In the case of lubricated tests, a solution of 3% NaCl was used to simulate the corrosive environment. All experimental parameters were maintained, and a PGZ 100 Voltalab was used for the electrochemical measurements. The contact area was immersed in the solution (electrolyte) and its open circuit potential was measured using a standard three electrode cell. The reference electrode used was calomel, the working electrode was the plate and the counter electrode was a wire of platinum. During the experiment, all the electrochemical parameters such as potential were continuously monitored. Morphological and
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Functionally Graded Materials VIII chemical studies of the plate and pin worn surfaces and the loose wear debris produced during the tests were performed by SEM and EDS analysis. Also, chemical analyses by atomic absorption microscopy of the solutions used as electrolyte were performed in a GBC 904 AA spectrometer. 
Results and Discussion
The variations of friction coefficient (f) and wear rate (W r ) of different tested pairs under both unlubricated and lubricated conditions are showed in Fig. 1 . For unlubricated conditions ( Fig. 1(a) ) the friction coefficient remains almost constant (f ≈ 0.42), which demonstrate that the friction coefficient is not significantly affected by the particle fraction area of the composite. This is in accordance with the observations made in a previous work [6] where the same tribocouples were tested in a pin-on-disc test configuration. Also, it can be observed that the increase in the amount of SiC particles results in the decrease of the wear rate for both triboelements. The wear loss of the cast iron pin is always higher than that corresponding to the composite plate, as a consequence of an effective abrasive action of the ceramic reinforcing particles. In conclusion, lower friction and wear values were obtained for both pin and plate when the FGM composite B (33.4 % of particles) is involved in the contact, thus revealing the best tribological system tested under unlubricated sliding. Similar behaviour was previously observed for continuous pin-on-disc sliding [6] , and was explained by the particular ability of the FGM composite B to anchor more stable iron-rich protective tribolayers than the other two composites. In addition, the presence of a higher amount of SiC particles, acting as surface profile modifiers and load-supporting elements at the tribocontact, contributes to a high wear resistance of the material [6] . These reinforcing particles, possessing high hardness, can protect the Al matrix from extreme wear damage. However, as a result of the higher tribological loading associated to the reciprocating sliding contact, the wear rates presented in Fig. 1(a) , which are in the order of 10 -6 gm -1 , are ca. two order of magnitude higher than those obtained in a pin-on-disc test configuration [6] . In fact, in reciprocating sliding contacts, several aspects contribute for an increased instability of the surface conditions. Instead of a unidirectional frictional force, we are in the presence of cyclic frictional loading that promotes fatigue and instability of the anchoring iron-rich tribolayers.
The morphological aspects of both worn surfaces, plate and pin, are presented in Fig. 2(a) and (b), respectively. Considering the plate surface, it is characterised by smooth SiC particles protruding above the matrix, which act as load-supporting elements. Also, delamination marks may be found in the matrix. Adherent iron-rich tribolayers are observed, some of them anchored at the protruding SiC particles. Due to the recripocating nature of the test, anchored tribolayers may be observed at both attack sides of the ceramic reinforcing particles (the direction of the sliding movement is horizontal on the micrographs) [6] . Fig. 2(b) is representative of the typical morphology of the worn surface of the cast iron pin after being tested without lubrication. Cavities resulting from the removal of graphite globules are evidenced as well as abrasive grooves aligned with the sliding direction, resulting 4.0x10 -6 6.0x10 -6 8.0x10 -6 1.0x10 4.0x10 -6 6.0x10 -6 8.0x10 from abrasion promoted by SiC reinforcing particles from the FGM counterface [3, 7] . Another important feature is the presence of Al based adherent tribolayers transferred from the composite surface. Under lubrication by aqueous solution, the friction results ( Fig. 1(b) ) are characterised by lower values than for unlubricated sliding, this behaviour being attributed to the lubricant effect given by the solution. However, in this case, the electrolyte has relatively low viscosity, which allows the direct contact between asperities of both mating surfaces. As a consequence the friction values are relatively high (0.22 ≤ f ≤ 0.37). At the same time, in lubricated conditions, a remarkable decrease of the friction coefficient with the increase of SiC content is observed. According to Zhao et al. [8] , the amorphous hydrated silica films resulting from the tribochemical reaction between the SiC and water (SiC + O 2 + H 2 O → SiO 2 + CO + H 2 ) promotes an additional lubricious action, which explains the observed frictional response.
Concerning the wear rate of the plate, it can be seen that the magnitude of the values measured in the lubricated tests is comparable to that from unlubricated experiments. However, composite B (33.4% SiC) presents a slightly higher W r , which can be due to the pull-out of SiC particles by a chemically induced fracture mechanism, attributed to a preferential reaction of the aqueous solution with the Al matrix/SiC particle [9] . The composite with intermediate SiC fraction area is the one presenting a lower W r , which is probably due to the accommodation of Fe-rich oxide layers on the composite surface, as evidenced by EDS analysis. It should be remarked that results concerning the wear rate of the pin, in lubricated tests, are not referred in this work due to the fact of being very 
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Functionally Graded Materials VIII difficult, from the experimental point-of-view, to control the immersion fraction area of the pin during the sliding motion. The concentration of released Al, dissolved in the electrolyte after the sliding test, is showed in Fig.3 . As it can be seen, the composite containing a lower amount of reinforcing particles is the one giving origin to a greater release of Al. Conversely, an increase in the amount of particles results in a lower quantity of Al being dissolved in the solution. In fact, two different degradation mechanisms are likely to be occurring in these systems. When the amount of particles is relatively low, the degradation of the material appears to be essentially controlled by the wear/corrosion of the Al-matrix. As the amount of SiC particles increases, the load-carrying capability of the particles becomes more important, resulting in an increased protection of the matrix in what concerns to wear, i.e, the amount of Al dissolved in the solution decreases. However, the pull-out of the ceramic particles, as a result of the preferential dissolution of the Al matrix/SiC particle interface above referred, contributes to an additional weight loss of the material, resulting in relatively high W r values. The slightly increase in W r with the increase of the SiC fraction area (Fig. 1(b) ), may be explained by this mechanism.
2.0x10 -6 4.0x10 -6 6.0x10 -6 8.0x10 Fig. 4 displays the evolution of the corrosion potential with time, during sliding. As it can be observed, the potential of the all samples significantly increase when the pin contacts the surface of the plate, due to the formation of the galvanic pair between the two materials. After about 10 minutes the potential of the cast iron/composite pair stabilize in an intermediate value. When sliding starts, the potential suffers a slight increase, which can be attributed to the formation of a film which slightly decreases the corrosion tendency of the system. As discussed above, some transfer of iron occurred to the composite surface, and the film formed due to this transfer is likely to act as a protection to the material, at least from the corrosion point-of-view. As it can be seen in the figure, the potential remains remarkably stable, throughout the sliding period. At the end of sliding, and when the pin is left away from the composite surface, a sudden decrease in potential is observed, and the potential of the plate becomes significantly more active, than before the sliding test. This result clearly shows that the mechanical action causes a destruction of the passive layer which is naturally formed on the Al based alloys. Also, the surface of the material after the sliding tests presents some pores (Fig. 3(b) ), which can be approached to pits, formed due to the pull-out of particles during sliding. All these events together may be responsible for the increase in the tendency of the materials for corrosion.
At the end of the sliding test, composite C shows more passive behaviour than the others plates. This behaviour agrees with the fact that this plate has the higher quantity of oxides of Fe tribolayers in comparison with the others plates. Most Fe oxides have an open-circuit corrosion potential of the same order of magnitude of the values obtained in composite B, at the end of the sliding test [10] . 
Conclusions
For unlubricated sliding the friction coefficient is not significantly affected by SiC content on the FGM composite (f ≈0.42). Lower friction and wear values were obtained for the FGM composite with higher amount of reinforcing particles (33.4%) due to their ability to anchor iron-rich protective tribolayers and load-supporting effect given by SiC particles.
In the presence of an aqueous sodium chloride solution the friction coefficient decreases with the increase of the amount of SiC particles, as a result of the products resulting from the reaction of the ceramic particles with the aqueous solution.
The wear rate of the composites is not significantly affected by the presence of the aqueous solution.
Together with the corrosion phenomena, two competitive mechanisms were found to determine the weight loss of the material. For the composite with lower amount of reinforcing particles, the removal of material by wear from the Al-based matrix is the main mechanism. However, in the composites with higher amount of particles, pull-out of SiC particles due to the dissolution of the particle/matrix interface becomes dominant.
